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important microstructural barrier to short crack propagation in these materials. The results also show that crack growth decelerations occur at a crack depth comparable in size to the average grain radius of the materials. The difference in the distance of these important microstructural barriers can explain the fatigue strength difference measured. It is concluded that the average fatigue strength is inversely proportional to the square root of the average grain size. Number of cycles at crack initiation n msc Number of cycles for the propagation of microstructurally short cracks n rs Number of cycles to restart the propagation of a short crack P max Maximum load in a fatigue cycle P min Minimum load in a fatigue cycle P op Crack opening load in a fatigue cycle PM Permanent mold R = σ min /σ max Stress ratio S-N Diagrams giving the number of cycles to failure as a function of the stress amplitude SDAS Secondary dendrite arm spacing SIF Stress intensity factor SSM Semi-solid mold t Thickness of the hourglass specimen U = (P op -P min )/ ∆P Effective portion in a load cycle W Width of the CT specimen
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Introduction
Numerous results in the literature indicate that aluminum 357 alloy has better high cycle fatigue strength when produced by semi-solid molding rather than by conventional casting in a permanent mould [1] [2] [3] . The improvement in the fatigue strength of aluminum alloys produced by semi-solid technologies has been partly explained by a reduction in the defect content and size [1, 4] . Rheocasting and thixocasting are known in the industry to be high integrity processes that can produce components with fewer defects [5] . This is attributed to the smaller volume of solidification shrinkage and entrapped gases in semi-solid molding when compared to liquid molding.
However, permanent mold (PM) and semi-solid mold (SSM) castings also have significantly different microstructures. The PM microstructure has a dendritic primary alpha phase and the SSM microstructure has a globular alpha phase. PM casting generally produces coarser microstructures with grain in the size range of 180 to 1,500 µm [1, 6] whereas SSM microstructures are characterized by a grain size in the range of 30 to 200 µm [1, 7, 8] . It is still not clear how these microstructural features affect the fatigue behaviour of the solidified alloys. When comparing the fatigue behaviour of PM and SSM specimens, the influence of the defects is often predominant which makes it very difficult to isolate the effect of other microstructural features [8] . However, the recent results of Brochu et al. [1] showed that the lower fatigue strength of the PM material could not be explained entirely by premature crack initiation at defects and the grain size as been identified as an important microstructural feature.
The objective of this paper is to study the propagation behaviour of short cracks in order to understand the improved fatigue strength of the SSM material. First, S-N diagrams for PM and SSM 357 alloy are presented at R = -1 and R = 0.1. The presence of defects at the crack initiation sites is studied in order to explain the data scatter. The propagation behaviour of long cracks is then characterized at R = 0.1 using CT specimens. Then, the propagation of the short cracks is studied in details at R = 0.1 using the replication technique. Comparative da/dN-∆K diagrams of the long and short cracks are presented and analysed. In the discussion, the difference in the fatigue strength between the PM and SSM materials is explained based on the propagation characteristics of microstructurally short cracks.
Methodology
Materials
One series consisting of uniform thickness, 14 mm thick, rectangular plates was gravity cast in a permanent mold. Two other series of rectangular wedge plates, with variable thickness from 16 to 9 mm, were rheomolded in the semi-solid state using an industrial pressure die casting machine. A detailed description of the rheomolding process used to produce the SSM plates was given by Doutre et al. [9] . The PM plates and the first series of SSM plates were produced from unmodified 357 alloy whereas strontium was added to produce the second series of SSM plates (SSM-Sr). For all three batches, the initial melt was produced from 356.2 ingots with addition of magnesium and silicon to reach the chemical composition of a 357 alloy. No grain refinement agent was added to the melt, which already contained about 0.10%Ti from the 356.2 ingots. Greater detailed of the feedstock preparation and chemical compositions have been given in a previous paper [1] .
The PM specimens were heat treated at T6 temper but the SSM specimens were heat treated at T5 temper. A complete description of the heat treatment procedures is given in [1] . T5 heat treatment was chosen because T6 heat treatment created blisters in the SSM plates. Three different types of plates were produced and tested: PM-T6, SSM-T5
(unmodified) and SSM-Sr-T5 (modified). All the plates were X-rayed and only the specimens with a quality corresponding to ASTM B108-03 grade B or better (discontinuities smaller than 1 mm) were used for the fatigue tests.
Microstructural characterization and mechanical properties
The microstructure of each type of plate was characterized by metallographic examination of polished and etched sections. Typical microstructures of the PM-T6, SSM-T5 and SSMSr-T5 specimens are shown in Fig. 1 . It can be observed that the alpha phase is dendritic in the PM specimen (Fig.1a) and globular in the SSM specimens ( Fig. 1b and 1c) . A more detailed micrograph of the eutectic constituent is also given in the upper-right corner of each figure. The eutectic silicon particles of the permanent mold specimen were globularized during heat treatment as seen from the insert in Fig. 1a . On the other hand, the eutectic constituent of the SSM-T5 specimens is composed of plate like silicon particles that characterizes unmodified microstructures (insert in Fig.1b) . However, in the modified microstructure of the SSM-Sr-T5 specimens, the eutectic silicon particles are fine and rounded (insert in Fig.1c ), illustrating the effect of Sr addition.
Both Poulton macroetching and electron backscattering diffraction (EBSD) analyses were carried out to reveal the grain structure. The grain and alpha phase cell sizes of each material were measured using an image analysis software and are presented in Table 1 . The results show that the PM microstructure has coarser grains but smaller alpha phase cell size than the SSM microstructure. . Tests were carried out using a servohydraulic machine and a 25.4 mm extensometer. The average yield strengths measured are given in Table 1 . The SSM materials have lower yield strengths than the PM material because they were heat treated T5 rather than T6.
Fatigue tests
Constant amplitude axial tests
The tests were carried out on standardized ASTM E466-07 hourglass specimens with a rectangular reduced section of width 2b = 9.50 mm and thickness t = 6.35 mm (Figure 2a ).
It was shown that the hourglass specimens overestimate the alloy fatigue strength by 15% when compared to the results obtained from specimens of uniform test section [10] .
Nevertheless, the hourglass geometry was chosen in order to facilitate short crack monitoring because it promotes crack initiation in a small region at the specimen midlength. The specimen calibrated length was limited to 3.5 mm on either side of the centerline. In this region, the average stress on a plane is within 2 % of the nominal stress calculated at the specimen centerline. All tests for which failure occurred outside this calibrated length were rejected. Before testing, all specimen surfaces were polished using a 1 µm diamond paste and etched in a solution containing 1 % hydrofluoric acid (HF). The axial fatigue tests were carried out using a servohydraulic machine at stress ratios of -1 and Table 2 . Seven out of the 12 rejected SSM-Sr-T5 specimens were cut from two specific plates.
Visual observation of the fracture surfaces showed longitudinal oxide films that were not detected during X-ray inspection. This explains the higher rejection rate obtained for the SSM-Sr-T5 material. 
Long crack monitoring
Fatigue crack growth rate (FCGR) tests were conducted on compact-tension (CT) test specimens ( Fig. 2b) at a stress ratio R = 0.1 and at a frequency of 20 Hz. The compliance technique was used to monitor the crack advance and the secant method was used to calculate the crack growth rate from the a-N curves. A detailed description of the experimental procedure and of the data analysis is given in the work of Rose [11] .
Short crack monitoring
Short crack monitoring was performed on specimens tested at stress amplitudes chosen to result in fatigue life between 10 5 and 10 6 cycles. Naturally initiated cracks ranging in length, 2c, from 50 µm to 6 mm were measured from silicon replicas of the specimens surfaces taken at periods of 50,000 fatigue cycles or less and at a tensile hold of 90 % σ max .
The crack surface length, 2c, is defined as the projected length normal to the loading direction.
Most of the tested specimen failures were caused by a semi-elliptical crack that nucleated at the small side of the specimen (Fig. 3 ). For simplicity, the short crack was considered to have a semi-elliptical constant aspect ratio. The crack front irregularity that evolves during propagation [12] is neglected. An aspect ratio of crack depth, a, to surface crack length, 2c, of 0.36 was used based on fractographic observations of the broken specimens.
Bolingbroke et King [13] used a constant aspect ratio of 0.43 in a study conducted on short cracks in a high strength aluminum alloy. Corner cracks were responsible for the failure of 2 specimens out of 10. For these cracks, the measurements of the crack length (c) and the crack depth (a) were performed on replicas taken from both the small and the large sides of the specimen (Fig 3c) . an et al. [14] . Shrinkage cavities are more frequently observed in the PM specimens and oxide films are predominant in the SSM specimens as shown in Fig.5a and 5b respectively. The size range of the defects is also bigger for the PM specimens. The square root area of the defects is between 60 µm to 1.7 mm and between 55 µm to 400 µm for the PM and SSM materials respectively. Based on similar observations, Wang et al. [15] concluded that the fatigue strength improvement of SSM specimens is due to a reduction in the defect content and The values of the mean fatigue strength at 10 7 cycles were calculated from the regressions and are also presented in Table 3 . At both stress ratios, the fatigue strength of the SSM material is 31 MPa higher than the fatigue strength of the PM material. This is, in part, attributed to the difference in the defect content and size. However, the behaviour of defect free specimens (marked with a cross in Fig. 4) shows that the SSM material is intrinsically more resistant to fatigue than the PM material as was concluded in [1] .
Finally, the effect of the stress ratio on the material fatigue behaviour is conventional. For a given σ a , increasing the mean fatigue stress (σ m ) decreases the number of cycles to failure.
The average fatigue strengths at 10 7 cycles and at R = -1 and R = 0.1 are close to the predictions of the modified Goodman diagram.
Crack propagation
Long cracks
The fatigue crack growth rate results are shown in Fig. 6a . The PM material has the highest crack growth threshold (∆K th = 5.3 m MPa ) followed by the unmodified SSM material (∆K th = 4.4 m MPa ) and the modified SSM material (∆K th = 3.9 m MPa ). Above the threshold, the crack growth rate is higher for both SSM materials than for the PM material.
This cannot explain the fatigue strengths difference measured previously. Lados et al. [8] proposed that the SSM materials have lower crack growth thresholds and faster crack growth rate because they develop less roughness induced crack closure. To verify this hypothesis, the crack opening loads of the specimens were measured during each cycle and da/dN-∆K eff diagrams were produced as shown in Fig. 6b . When ∆K eff is used, the PM and SSM materials have comparable long crack growth rate. These results confirm that the difference in the growth rates of long crack between the materials is due to closure. 
Short cracks
a-n graphs
Monitoring of short cracks at R = 0.1 was made by measuring the surface crack length (2c) from silicone replicas taken regularly during a S-N fatigue test. More than one crack could be monitored on the same S-N specimen because secondary cracks often grew at the same time as the main crack. Fig. 7a shows the a-n curves for the main crack of a PM specimen.
The crack depth, a, is 0.72c as explained previously and n is the number of elapsed cycles.
Fractographic observations of the specimen showed the existence of a shrinkage cavity at the crack initiation site with a depth of about 140 µm, which is the initial length reported in the graph of Fig.7a . (Fig.7c) . This corresponds to the sec eleration. In conventionally cast aluminum alloys, crack growth decelerations at grain boundaries have been observed previously [12, 19, 18] . However, our results bring the first evidences that microstructurally short crack propagation is important even for cracks that nucleate from defects comparable in size to the grain diameter.
The same analysis was carried out for a SSM specimen. The a-n curve of the main crack is given in Fig.8a . Fractographic observations showed that the crack initiated in the alpha phase and it propagated on a plan of maximum shear stress for about 50 µm. The crack could be seen from the replicas after 10,000 cycles.
The most important crack growth decelerations were observed at n = 3.11 ×10 rt crack propagation in SSM materials [ 19, 20] . U l. [19] found that short cracks propagate faster in a a coarser PM microstructure. Hayat et al. [20] cam he short crack propagation in a rheocast and a sque 
Crack arrest
The results in Fig.9b 
Equation 3
where da/dN is in mm/cycle, and ∆K in m MPa .
Nevertheless . This difference in the short crack behaviour of the PM and SSM materials is important and will be discussed in the next section.
Discussion
Fatigue life
The S-N data of Fig. 3 clearly show that the PM specimens have a shorter fatigue life than the SSM specimens at given stress amplitude. It was also observed that defects are more frequently found at crack initiation sites in the PM material than in the SSM material, which can cause a difference in the crack initiation period. However, the replicas obtained for some tests performed at R = 0.1 shows, for both materials, that the portion of fatigue life (n i /N) during crack initiation is not a significant portion of the total fatigue life ( Table 4 ).
The highest (n i /N) measured is 19 % for a defect free SSM specimen. The number of cycles for crack initiation, n i , is the number of cycles elapsed when the first crack growth is observed on a replica. Since replicas are taken periodically, n i can be overestimated but not underestimated.
The results in Table 4 show that the fatigue crack initiation period is not long enough to explain the fatigue life differences between PM and SSM specimens tested at comparable stress amplitudes. Therefore, a more detailed analysis of the crack propagation behaviour is necessary. Analysis of the propagation of short cracks gives the most significant information to the interpretation of the S-N curves. The number of cycles in the microstructurally short crack regime, n msc , was calculated for each specimen. Since short cracks were monitored at different stress amplitudes, n msc is defined by the number of cycles from crack initiation to
. This definition well represents the short crack behaviour in both materials. In Fig.10b , all the significant crack growth decelerations and accelerations occurred at ∆K < 4.5 m MPa . Above this value, the short crack behaviour can be predicted by a Paris relationship.
The fraction of the specimen life spent in the microstructurally short crack regime, (n msc /N), is given in the seventh column of Table 4 . These results show that for both materials and all stress amplitudes, a major portion of the fatigue lives is consumed for the propagation of microstructurally short cracks. Moreover, the proportion of life spent for the propagation of microstructurally short crack generally increases as the stress amplitude decreases.
The fatigue life of a specimen is significantly influenced by the number of cycles for short crack propagation. For example, the two PM specimens tested at σ a = 62 MPa have an absolute fatigue lives difference of 1.52 ×10   5 cycles. The difference in the number of cycles for short crack propagation in these specimens is 1.23 ×10 5 cycles which is 80% of the fatigue life difference. The same observation can be made for the two SSM specimens tested at 91 and 92 MPa. In this second example, the short crack propagation accounts for 90% of the total fatigue lives difference of the specimen. In these two examples, it appears that the presence of a defect at the crack initiation site significantly reduced the short crack propagation period and as a result the overall fatigue life.
Defects shorten the short crack propagation for three reasons. First, it reduces the number of cycle necessary to reach ∆K msc because crack propagation begins at a larger crack size, a o . The second reason is based on the assumption that defects raise the stress locally increasing the driving force of the short crack. The third reason applies to microstructurally short cracks. Big enough defects will extend over the first microstructural barrier letting the crack grow longer before it encounters its first effective microstructural barrier. This longer crack will have a higher driving force and will overcome the microstructural barrier more easily. It is believe that this third effect has a big influence on the specimen fatigue life.
Fatigue strength at 10 7 cycles
The results presented in Fig. 9b (Fig.9b) .
Crack arrests at a grain boundary are temporary. After a number of cycles, n rs , the crack build up the necessary driving force to overcome the microstructural barrier and the propagation restarts. The mechanism allowing the crack to overcome a microstructural barrier, is probably dependant on the size of the cyclic plastic zone, r yc , ahead of the crack tip. Intuitively, n rs increases with decreasing r yc . At low stress amplitude, the number of cycle necessary to overcome the first microstructural, n rs , can be very significant which will increase the fatigue life of a specimen.
To obtain fatigue lives of 10 7 cycles and longer, it is believed that the crack propagation has to be interrupted momentarily. In other words, the stress intensity factor range of the crack must be below ∆K mb when the crack encounters its first important microstructural barrier. This short crack propagation threshold can be used to explain the fatigue strengths difference between the PM and the SSM materials. The difference between the materials is not the intensity of the microstructural barrier, ∆K mb , but its position, d, in the path of a short crack. In the coarse PM-T6 microstructure grain boundaries are more distant than in the fine SSM microstructure. This is illustrated in Fig.10 showing the crack growth rate as a function of the crack depth. Using the least square method proposed by Hobson et al. [22] , the crack depth at complete crack arrest has been calculated for 5 short cracks in the PM microstructure and 5 other ones in the SSM microstructure. The results show that in the PM microstructure, the first significant crack growth deceleration is more frequently observed at crack depths between 60 µm to 360 µm. On the other hand, in the SSM microstructure the short cracks are subjected to a first important crack growth deceleration at depths between 11 µm to 211µm. These values are in the range of the grain size distribution as seen in Fig. 11 , which supports the hypothesis that grain boundaries are the important microstructural barriers. For the studied materials and testing conditions, it was not necessary to used an elasticplastic fracture mechanics (EPFM) model to analyse the results. Fig.10b showed that the average short crack growth rates in the PM and the SSM material can be well predicted by a Paris relationship. Consequently, to explain the relationship between the position of the microstructural barriers and the fatigue strength of the materials. For some other materials and testing conditions, it is necessary to use an EPFM parameter to compare the propagation of short cracks at different stress amplitudes and in different materials [23] . In these cases, the strength of the microstructural barrier should be express according to the chosen EPFM parameter.
Conclusions
This experimental study was conducted to explain the fatigue strengths difference between a permanent mold (PM) and a rheocast (SSM) aluminum 357 alloy. S-N diagrams at R = -1
and R = 0.1 were produced and the propagation behaviour of long and short cracks was studied in details.
The S-N results and the fractographic observations brought the following conclusions:
• Eutectic modification of the SSM material did not improve its fatigue strength neither its resistance to long crack propagation.
• The average fatigue strengths at R = 0.1 and 10 7 cycles of the PM-T6 and SSM-T5 materials are 47 MPa and 78 MPa respectively while those at R = -1 are 82 MPa and 113 MPa.
• For both materials, the mean stress effect on the fatigue strength at 10 7 cycles is well predicted by a modified Goodman diagram.
• At both R values, the PM-T6 specimens contain big shrinkage cavities and have shorter fatigue life than the SSM-T5 specimens which contain fewer defects.
• The influence of defect cannot entirely explain the fatigue strength difference between the PM and SSM materials.
As expected, the long crack propagation behaviour cannot explain the difference in fatigue strength between the PM and SSM materials. Nevertheless, the following conclusions can be proposed concerning the long crack behaviour:
• The PM-T6 material is more resistant to long crack propagation than the SSM-T5.
• The threshold stress intensity factor range for the propagation of long crack is lower for the SSM material.
• The difference in the behaviour of long cracks is explained by roughness induced crack closure which is more important for the coarse PM-T6 microstructure.
A detailed analysis of the short crack propagation by the replication method led to the following conclusions:
• For both materials, a major portion of the specimen fatigue life is spent for the propagation of microstructurally short crack.
• For both materials, the propagation of short cracks is significantly shortened by the presence of defects at the crack initiation site.
• The most important microstructural barrier is characterized by a critical stress intensity factor range, ∆K mb .
• The average grain radius of a microstructure is proposed as a value for the distance of the first important microstructural barrier.
• The fatigue strength at 10 7 cycles of both materials corresponds to the stress amplitude below which a short crack will stop at the first microstructural barrier.
Based on these conclusions, the fatigue strength of the studied materials was predicted using a propagation threshold, ∆K mb , for short cracks. It was shown that the PM-T6 material has an inferior fatigue strength than the SSM-T5 material because its most important microstructural barriers are positioned further from the crack initiation site.
Practically, the fatigue strength of castings made from aluminum 357 alloy can be increased by reducing the grain size of the microstructure and the defect content.
Future experiments should be carried out in order to obtain the fatigue strength of more SSM and PM microstructures with different grain sizes. These results could be used to verify the proposed relationship between the material fatigue strength and its grain size.
